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SUMMARY 

. 

A theoretical investigation is made of the hydrodynsmic pitching 
moments experienced by Gbottom seaplanes during step-landing impacts. 
The entire immersion process is analyzed from the instant of initial 
contact until the seaplane rebounds from the water surface. In the 
analysis the primary flow about the immersed portion of a keeled float 
or hull is considered to occur in transverse flow planes and the virtual- 
mass concept is applied to calculate the reaction of the water to the 
motion of the seaplane. I 

It is shown that the pitching moment and the centercof-pressure 
location may be represented in generalized formby means of dimensionless 
variables which take into account ths effects of such factors as the 
seaplane weight, angle of dead rise, trim angle, and initial velocity. 
The variation of these coefficients during en impact'is governed by the 
magnitude of a single parameter, called the approach parameter 6, that 
is determined by the trim and the initial flighhpath angle and permits 
reduction of the impact variables to a common basis. 

Equations me presented from which the variation of the pitching- 
moment and centeMf-pressure coefficients have been calculated for a 
wide range of conditions extending from impacts along ehallow flight 
paths approaching planing to very steep impacts where the resultant 
velocity is normal to the keel. Solutions are also presented for the 
conditions which exist at the instants of maximum acceleration, msximum 
moment, maximum draft, and at the instant of zero draft during rebound. 
The results show that the maxims& hydrodynamic pitching moment is 
attained slightly efter the meximum acceleration is reached and occurs 
prior to the attainment of the maximum draft. 

. The analysis also shows that the pitching moment about the step at 
any given stage of the impact process is independent of the angle of 
dead riss end that the center of presslure in an impact is located at a 
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distance only slightly greater than one-third the wetted length forwmd 
of the step. The most forward centemf-pressure locations, in terms of 
the wetted length, axe attained at low values of-the approach parameter K 
(which, for a given trim angle, correspond to steep flight paths) but 
the centeT--ofipTessure distance converges to a limiting value of exactly 
one-third the wetted length forward of the step as the planing condition 
is approached. 

Comparisons of theoretical pitchi- nt time histories and maximum 
values of the pitchi= moment with experimental data obtained in the 
Langley impact basin with floats of 30' and 40' angles of dead rise 
indicate that the calculated results are in good agreement with the 
measured values. -. 

IXCRODUCTION 

Because of the evident need for a more ration&L foundation upon 
which to base water-loading requirements for the design of modern sea- 
plsnee, an extensive theoretical and experimental. research program has 
been undertaken in the field of hydrodynamic impact loads. The theoret- 
ical phase of the program has resulted in references 1 and 2, which 
deal with the snalysis of impact loads for V-bottom seaplanes. Refer- 
ence 1 presents a critical survey of previously published impact theories, 
which are shown to be applicable only to impacts where the resultant- 
velocity is normal to the keel, and in addition considers the effect of 
the velocity component~el to the keel. Reference 2 provides a 
generalized analysis, with experimental confirmation, of the motions and 
overall hydrodynamic loads experienced by V--bottom seaplanes throughout 
the course of steplanding impacts and shows that the motion and time 
characteristics of such impacts may be represented by means of dimension- 
less variables which take into account such factors as the seaplane 
weight, dead-rise angle, trim angle, and initial velocity. The variation 
of these coefficients during an impact was shown to be governed solely 
by the magnitude of a single parameter, called the approach parameter K, 
which is determined by the trim and the flight-path angle at the instant 
of initial contact with the water surface. 

The present paper represents a continuation of the work of refer- 
ence 2 and applies the theoretical coefficients end equations introduced 
by that paper to the development of the nondimensional hydrodynamic 
pitchimment and center-of-pressure coefficients for step-landing 
impacts. The entire immersion process is enalyzed fram the instant of 
initial contact until the seaplane rebounds from the water surface. In 
the analysis the primary flow about the immersed portion of a keeled 
seaplane float is considered to occur in transverse flow planes and the 
virtual-mass-concept is applied to calculate the reaction of the water 

c 
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. to the motion of the seaplane. !Ehe results of the analysis are presented 
in the form of charts which may be used to determine the hydrodynamic 
pitching moments snd the centemf--pressure location on a seaplane at any 
time during an impact as well as the pitching moments, the centa-f- 
pressure location, the state of motion of the seaplane, and the time after 
contact at the particular instants of maximum pitching moment, maximum 
acceleration, maximm dreft, and at the instant of zero draft during 
rebound. The applicability of the theoretical results is illustrated by 
compsrisons with experimental data obtained in the Langley impact basin 
with a V-bottom float (f1g.J) having an angle of dead rise of 30’ at the 
step and a similsr float of 40° angle of dead rise. 
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hydrodynamic aspect ratio 

longitudinal distance between step and center of moments 

longitudinal 
of moments 

distance between center of gravity and center 

distance, measured normal to longitudinal axis, between center 
of gravity and center of moments 

force 

acceleration due to gravity 

wetted keel length 

pitching moment 

twtiimensionsl virtual ma68 

impact load factor, measured normal to water surface 
( ) 
- ii 

g 

longitudinal distance between step and center of pressure 

distance from given flow plane to foremost tiersed station 
along keel 

time after contact 

velocity of seaplane 

weight of seaplane or tota testing weight 

distance parallel to water surface 
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Y &aft of keel at step, normal to water surface 

z penetration of a given station, normal to keel 

P . angle of dead rise 

7 flight-path mgle relative to water surface 

P mass density of water 

7 trimangle 

f(P) Rznction governing variation of virtual mass with dead rise 

$(A) end-flow correction to total hydr0dynaU.c load 

h(A) end-flow correction to hydrodynamic pitching moment 

Subscripts: 

f float 

h horizontal or hydrodynam$c 

max msximum 

0 initial conditions or referring to point o 

r resultant 

8 at the step 

T total 

V vertical 

Dimensionless Variables 

Pitchi~cment coefficient based on vertical velocity 

Cm, = 3 ($) f$ sin 7 COB 7 
1 

. 
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Pitchivnt coefficient based on resultant velocity 

c;msr = Ms (8) f!w 
vii w @l(A) 

Centemf-pressure coefficient h(A) 
C cP = p sini - 

$1(A) 

Ra$io of center-of~ressure distance to wetted lengkh 

P @('A) I&=-- 

' &(A) 

Load-factor coefficient 

Verticsl-velocity ratio 

Draft coefficient 
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Time coefficient 

Approach parameter 

K sin 7 
= sin 7, COB (T + 70) 

ANAI?zSIS 

Basis of Analysis 

NACA TN NO. 1630 , 

A detailed discussion of the physical concepts upon which the 
analysis is based is given in references 1 and 2. Briefly, the flow 
about a slender immersing shape such as a keeled seaplane float or hull 
is assumed to occur in transverse flow planes which may be considered 
fixed in space and oriented normal to the keel. (See fig. 2.) Because 
of the absence of a satisfactory three-dimensional theory, the motion 
of the fluid in each flow plane is treated as a two-dimensional phenomenon. 
In order to account for the effects of end flow that exist in the three- ' 
dimensional case, the total force on the seaplane, which is obtained by 
integrating the reactions of the individual flow planes in contact with 
the hull, is reduced by the application of en aspect-ratio type of 
correction. 

In any flow plane the momentum imparted to the water is determined 
solely by the growth of the float cross+ectional shape intersected by 
the plane and may be expressed as the product of the virtual mass 
associated with the immersed cross section and the velocity of penetration 
into the plane. After the step has passed through a given flow @sne the 
intersected cross section ceases to exist and the plane becomes part of 
the d ownwash where it remains thereafter, independent of the subsequent 
progress of the impact. 

In potential flow the two-dimensional virtual mass of any float 
cross section is determined by the shape immersed in the flow plene. In 
the case of V-shaped cross sections, if the chines are not immersed, the 
flow patterns at all degrees of penetration are models of each other 
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and the virtual mass is proportional to the square of the penetration. 
The constant of proportionality is determined by the dead-rise sngle j3. 
Thus the two4imensional virtual mass of any V-shaped cross section may 
be expressed by 

nk= k(P)1 2 psc ,2 
2 (1) 

where the quantity f(j3)z represents the radius of an equivalent semi- 
cylinder of water constituting the virtual mass of the immersing shape. 

On a twc-dimensional basis, the momentum of the water contained 
within any flow plane is 

ll+ = [f&Cl2 F.?i 

The reaction of the water within the plsne is therefore given by 

F = [f(p)3' g (z2E + 2zi2) 

(2) 

(3) 

The total force on the seaplane, which acts normal to the keel, is 
obtained by integrating the forces contributed by the individual flow 
planes in contact with the hull. Since conventional floats and hulls 
are essentially prismatic for an appreciable distance forward of the 
step, the integration is performed under the assumption that the immersed 
portion of the hull has constant cross section and that the trim remains 
constant during the short duration of the impact; this integration gives 

FT = [f(P)]2e(b) 2 tc T (Q..z + zs2gj (4) 

where the quantity @(A) is applied to the calculated total force as a 
correction for the effects of end flow.which exist in the three-dimensional 
case snd is deter&ned by the geometry of the immersed portion of the 
seaplane. 

In reference 2 &II analysis of the equations of motion resulting 
from the application of equation (4) to.the condition where the wing lift 
is equal to the weight of the seaplane showed that the motion and time 
chsracteristics of such impacts may be represented in generalized form 
by means of the following dimensionless variables: 
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Load-factor coefficient 

where 
.a 
Y 

niw = - - g 

Draft- coefficient 

Time coefficient 

Vertical~elocFy ratio 

i - 

?O 

It was also shown that the variation of these nondimensional 
quantities during the course of an impact is governed solely by the 
magnitude of the approach parameter 

sin 7 
ti =-COB (7 + 7,) 

sin To 

(5) 

(7) 

(8) 

which may be considered a criterion of impact similarity and depends only 
on the trim and the flight-path angle at the instant-of initial contact. 
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For a given value of IC, therefore, the respective variations of the 
preceding dImensionless variables during an impact may each be represented 
by a single curve, regsrdless of what the dead-rise sngle or weight of 
the seaplane, the attitude, or initial velocity may be. SFmilarly, there 
is a single variation with TV of each of the dlmensionless vsriables 
representing the state of motion and the time at any given stage of the 
impact. Figure 3 is a graph of equation (9) and shows the variation of K 
with trim and flight-path angle. 

In the present analysis the theoretical coefficients and equations 
presented in reference 2 sre applied in the development of the non- 
dimensional pitchwcment and center-of-pressure coefficients. As a 
result of this generalized treatment, the number of independent vsriables 
and the number of cases for which solutions are required sre considerably 
reduced while the presentation and correlatI.on of data for the entire 
range of seaplane and flight parameters is greatly simplified. 

Although the application of the theoretical results to impacts of 
particular seaplanes requires the definition of f(p) and $(A), the 
generalized solutions of the motion and time characteristics of step 
landings in terms of the foregoing dimensionless variables are valid 
regardless of how these functions may be defined. The function f(p), 
which governs the variation of virtual mass with dead rise, has been 
evaluated from the results of an iterative solution for the force on a 
two-dimensional V-shape immersing with constant velocity, reported by 
Wagner in reference 3. This variation is given by 

r(p) = g-1 

The end-loss correction $(A) may be approximated from the results of 
tests conducted by Pabst with vibrating plates in water (reference 4). 
Application of these results to the V-bottom seaplane gives . 

$(A) = 1 - 2traTp 

Although the validity of the relationships given by equations (10) 
and (II) has not been experimentally verified for very low dead-rise 
angles, the application of these functions has yielded calculated 
results that closely agree with extensive test data obtained in the 

Langley impact basin with floats of 22$$', 30°, and 40' angles of daad 
rise and reported in references 1, 2, end 5. 
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Pitching Moments 

As shown by equation (3), the force contributed by a given flow 
plane may be considered to arise fram two sources: namely, the inertia 
reaction to the acceleration of the virtual mass and the additional 
change in momentum accompanying the expansion of the virtual mass with 
penetration into the flow planes. Under the assumption of tw&imensional 
flow within the flow p,lanes, for a prismatic hull at positive trim, the 
inertia reaction follows a quadratic variation along the keel while the 
force due to the expansion of the virtual mass is linearly distributed. 
(See fig. 2.) The shape of the longitudinal distribution of the total 
force during an Impact is, of course, determIned by the relative 
magnitudes of the component distributions. For steady-tate planing, 
however, since there is no acceleration, the total load is linearly 
distributed along the keel and the center of pressure is located at a 
distance equal to one-thdrd the wetted length forward of the step. 

Under actual three-dSm.ensional conditions, however, as a result of 
the longitudinal components of flow Introduced by the pressure gradient 
along the keel and the finite length, the theoretical two-dimensional 
distributions are somewhat modified as qualitatively shown in figure 2 
by the broken-line curves, so that 

F = ff(dj2 F /$A,s)z2& -I- 2f2(A,s)3 

where the reduction in force from that calculated by the assumption of 
two-dimensional flow in the flow planes is determined by the geometry 
of the Smmersed'part of the hull and the station under consideration. 

As a result of this effect the total load on the seaplane was 
reduced by the applfcation of an aspect-ratio type of correction $(A) 
which depends on the immersed sha e of the hull. 
a similar type of reduction j&(A P 

In the present analysis 
is applied to the m0m3h cdcuktea 

by assuming twtiimensional flow in the flow planes. The pitching 
moment about the step-keel point is therefore given by the expression 
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where the pitching mcment is taken as positive in the direction of 
increasing trim. 

The pitching mment may be related to the motion of the seaplane 
measured relative to the water surface by introducing the following 
expressions from reference 2: 

Y 
zs = - COB 7 

. i 
z=-+K 

COB 7 

(13) 

(14) 

,xhere 

K=(&- io tarn4 SinT 

and 
. . 

g:=L (15) COB T 

Substituting equations (131, (lk), and (15) Into equation (l-2) gives 

MS = + (+ + K COB ~)~y3 1 (16) 

Equation (16) may be reduced to dimensionless form by introduction 
of the nondimensional variables defined by equations (5), (6), (7), (8), 
and (9). Thus, the equation 

(17) 

gives the relationship between the pitchmcment coefficient at any 
instant and the corresponding draft coefficient, vertical-velocity ratio, 
and load-factor coefficient, where the pitchMoment coefficient for 
the stepkeel point is defined by 

M 

0 
5 -@id- sin T co8 T 
W $-&d 

(18) 
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Equations (lb), (16), and (18) of reference 2 provide the following 
relationships which define the motion of the seaplane during the impact: 

Ca = 

i 
1 -a- 

. 

( > 

2 s, + Ic 
l+fc 

C2=3P+IF. 

1 

f J 
A1 
yo+K 

70 l+tc e l- 

i -+tc yo 
l+rc 

( 1 KT- 
&+lC 
70 8 

(19) 

(20) 

Combining equations (17), (lg),md (20) results in the following equations: 

(22) 

. 
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and 

(23) 

(24) 

Applying equations (20) and (21) provides the relatfonship between 
the pitchi- nt coefficient and the vertical-velocity ratio: 

Gms 

I 2 

( > -+ # 
70 = 

, I 
4 2 

The preceding equations apply at all instants durl 

i -c-+ K 

-3 
YO 8 +lCK 

a 8 
l+tC L+, 

f0 

(25) 

Center of Pressure 

The centemf-pressure distance p from the step is defined by 

. M 
P =A 

FT 
(26) 
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I+~JJI equations (5) and (18), since 

FT = - w Y -- 
g CO8 7 

and 

MS = 

the relationship that exists at any instant between 
center-of-pressure coefficient C,p and the moment 
coefficients is given by 

C GE3 
cP =ci 

where 

the dlmsnsicmless 
and loadxactor 

(27) 

(28) 

The combination of-equation (22) with (27) gives the r6lationship 
between the center-of-pressure coefficient and the draft coeffJ.cient: 

(29) 
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Gombining equations (24) and (27) gives the following relationship 
between the centemf-pressure coefficient and the vertical-velocity 
ratio: 

1 
l/3 

-1 
l+K 

. 

&+ K 

TO 

e (30) 

, 
Y 

Substituting the gecmetric relationship 2 = - sin 7 (see fig. 2) and 

'the definition of the draft coefficient, equation (6), into equations (27) 
aud (28) gives the following eqpressioti for the ratio of the center-of- 
pressure distance to the wetted length: 

cme cr = - 
CZGd 

(3) 

where 

c,= - g @(A) 
!$(A) 

Cmbining equation (31) with (20), (21), end (25) provides the 
relationship between the ratio of the center-of;pressure distence to the 
wetted length end the vertical-velocity ratio which exists at all instants 
during the Impact: 
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Combining equations (20) and (32) gi ves the relationship between the 
ratio of the center-of-Treesure distance to the wetted length and the 
draft coefficient which applies for all values of K: 

c, = $ + &y cd3 (33) 

Transfer of Moments 

The determination of the pitching moment and the center of pressure 
permits the ready calculation of the hydrodynamic moment about any point 
on the seaplane. For any point o located at a distance a forward of 
the step (see fig. 1) 

sh = FT(p - a) 

Introducing equation (26) gives 

M 

By use of equations (18) and (28), equation (34) may be written 

(34) 

(35) 

or 

where 

cmoh MOh g PI(A) sin 7 co8 T =- - - 
0 - * v-- $1(A) 

YO 

(37) 



NACA TN No. l630 17 

Special Conditions 

Conditions at maximum moment.- Equation (25) provides the general 
relationship between the pitchiwoment coefficient and the vertical- 
velocity ratio which applies at all times during an impact. The condi- 
tions which exist at the instant when the maximum moment is reached 

ere determined by differentiating equation (25) and setting x = 0. 
Thus, the equation 

provides the relationship between the vertical-velocity ratio at the 
instant of maxImum mcment and the approach perameter K. The substitution 
of values of & obtained by solution of equation (38) into equations (24), 

70 
(30), (20), end (21) permdts the determination of the meximum pitching- 
moment and center-of--pressure coefficients as well. as the draft and load- 
factor coefficients at the instant of maximum moment. The time coefffcient 
corresponding to the occurrence of mexFmwn moment may be calculated from 

the variation of Ct with $- determined in reference 2. 
Yo 

Conditions at meximnm acceleration.- The relationship between the 
vertical--velocity ratio at the inetent of marlmum acceleration and th3 
approach parameter K is given by equation (27) of reference 2: 

(39) 

The vertical-velocity ratio at the instant of maximum acceleration may 
be determined from the solution of equation (39), end the maximum load- 
factor coefficient end the draft coefficient at maximum acceleration 
(reference 2) may be calculated by means of equations (21) and (20). 
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By use of these values of the vertical-velocity ratio, the pitchimnt 
and center-of-pressure coefficients at the instant of maximum acceleration 
may be calculated from equations (25) and (30). 

. 
Conditions at maximum draft-;---At the instant of maximum draft & =' 0. 

With this substitution equations (20) and (21) permit the determinat%n of 
the ma&mum draft and of the load-factor coefficient corresponding to this 
instant (reference 2). Similarly the application of equations (25) and 
(30) provides the following explicit relationships between the pitchi- 
moment and center-of-pressure coefficients at the instant of maximum 
draft and the approach parameter K: 

1 
iG 1 + K 

+-0 
K 

and 

(40) 

. 

(40a) - 

The expression relating K end the ratio of the center-of~ressure 
distance to the wetted length at the instant of maximum draft Is obtained 
from equation (32): 

1 -- 
c, = I+# 

(41) 

Limiting conditions.- -.-.-- Since the approach parameter K may range 

between 0 and =, it is desirable to determine the limiting values 
between which the coefficients of motion at different stages of the impact 
mY VW. The condition of Ic = 0 is obtained when the flight path at 
contact is normal to the keel of the seaplane. For this condition 
equations (19) and (20) become . 

1 + cd3 
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and 
i 

1 . -- 

cd3 = + yo 

I 
7’0 

Ccmibining equations (42) amI (43) gives 

and 

The tIme coefficient may be directly obtained by integrating 
equation (43): 

or 

ct = 

For the case where K = 0, equation (25) becomes 

Conibining equations (43) aM (48) give6 

G", = 'd3c4 + cd3> 

19 

(43) 

- 

(44) 

(45) 

(47) 

(49) 
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For this condition equation (30) gives 

C cp = 
* 4/3’ 

12 + 
0 Yo 

(50) 

The relationship between the center-of-pressure coefficient and the dreft 
coefficient is given by equation (29) which is valid for all values of IC. 

For K = 0 the variation of the ratio of the center-of-pressure 
distance to the wetted length is obtained frcm equation (32) 

c,=$+A- 
12 $- 

70 

(51) 

The preceding equations apply at all instents during an impact in 
which the resuLtant velocity is normal to the keel end permit- the 
determination of the conditions at specific stages of the impact which 
may be of interest. For IC=O, equation (38) permits the calculation 
of the vertical-velocity ratio corresponding to the occurrence of 
maximum moment: 

. 

k=,‘-* 
= 0.6228 (52) 

The draft coefficient at this instant is determined from equation (43): 

cd = (m - 3)li3 = 0.8460 

whila the load-factor cot+fficiant Is obtained from equation (Lk.): 

3[G - 3)*/3 
C2 = -pgtj- = 0.5187 

(53) 

(54) ,- 
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Equation (47) permits the calculation of the value of the time coefficient 
at which the maximum moment occurs: 

Ct = (63 - ,>I/3 + t(@ - 3y3 =-0.9741 (55) 

The maximum moment coefficient is determined from equation (48): 

= 0.168~ 

while equation (50) permits the celculation of the center-of-pressure 
coefficient for the same instant: 

Ccp = $(fi - $‘3(/5 + 1) = 0.3247 

The ratio of the center-of-pressure distance to the wetted length is 
obtained from,equation (51): 

&e+l = 0.3838 
I2 

(56) 

(57) 

(58) 

In a similer manner, the solution of equation (39) permits the 
determdnation of the conditions at the instant of marlmum acceleration. 
Aa shown by aquations (38) to (41) of reference 2 the state of motion at 
mexinerm accelerationfor K = 0 is defined by the following constants: 

= 0.6586 (59) 

ji 7 -=- 
f0 9 

C2 = 3(f3($ = 0.6123 

(a 

(61) 
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end 

Ct = (q” + k.(f3 = 0.7057 (62) 

Equation (60) permits the determination of the moment coefficient 
at meximum acceleration from equation (48). For K = 0 

The center-of-pressure coefficient-at this instant is obtained from 
equation (50): 

and the ratio of the center-of~ressure distance to the wetted length 
from equation (51): 

I 

1 9 c,=-+ 4 84 = 0.35n 

. 

(65) ’ 

When K= 0 equation (46) shows that the draft always increases 
tithtime. Thus, while the downward velocity of the float grows smaller 
as the impact progressss, a maximumdraft is never reached. As discussed 
in reference 2, this result is due to the fact that, since the decelera- 
tion of the seaplane, for K = 0, is in the same directicm as the 
resultant velocity (normal. to the keel), the seaplane continues along its 
original path of motion throughout the impact. Thus, only the flow planes 
directly beneath the keel are effected by the immersion and absorb all 
the momentum lost by the seaplane. Consequently, an infinite virtual 
mass (infinite draft) is required to satisfy the condition of zero vertical 
velocity of the seaplane. This result is due to the neglect of the 
buoyant forces which, because of the large drafts attained, are of 
aeatest importance at the very high flight-path angles beyond the 
renge of approach conditions applicable to conventional seaplanes. For 
values of K other than zero the foregoing result does not apply since 
part of the momentum lost by the seaplane is contained in the downwaah 
left behind the step, resulting in ths attainment of a finite maximum 
draft (reference 2). 
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For smell values of K (steep impacts) the differences between the 
time coefficients corresponding to the occurrence of meximum acceleration, 
maximum moment, meximum draft, and the rebound from the water surface are 
large. Aa the flight path becomes flatter this difference becomes smaller 
and approaches zero as the planing condition (K = CO) is reached. For 
the planing condition the dimensionless variables approach the following 
limiting values: 

lim C2=w 
KE--jC=J 

lim g=1 
70 

K+= 

On the basis of the foregoing analysis the variations during an 
impact of the dimensionless coefficients representing the pitching 
moment and center of Dressure depend solely on the mitude of the 
approach parameter K. For a given value of K, therefore, the 
respective variations of the pitchiwment and center-of-pressure 
coefficients may each be represented by a single curve regardless of 
the seaplane properties, attitude,. or initial velocity. Consequently 
a single variation exists between the coefficients corresponding to any 

. 
given stage of the im..ct a given value of & and the approach 
parameter K. 

( YO > 
The use of dimensionless variables, 

account such factors as dead-rise angle, 
by thus taking into 

weight, trim angle, and velocity 
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in accordance with the laws governing the variation of the pitching 
moment and center of pressure with these quantities, permits reduction 
of the impact conditions to a c-on basis defined by the approach 
parameter. 

As shown by the form of the coefficients, for a given value of K 
the pitching moment and center of pressure corresponding to a given stage 
of the impact are related to the primary variables constituting the 
float properties, attitude, and magnitude of the initial velocity by the 
following proportionalities: 

-2 

MS a 
7’0 

sin 7 cos -r 

and is independent of the angle of dead rise, and 

As a result of the analysis, figures 4 to 13 show the theoretical 
variations of the pitching+nom.ent coefficient, center-of-pressure coeffi- 
cient, and ratio of the center-of-pressure distance to the wetted length 
obtained during step-landing impacts. The solutions include values of K 
which correspond to a wide range of approach conditions extending from 
impacts in which the resultant velocity is normal to the keel (K = 0) to 
impacts along very shallow flight paths which begin to approach the 
planing condition. Figures 14 to 20 show the variations with the 
approach paremeter of the conditions which exist at different stages of 
the impact-; In order to compare the conditions at the instant of 
maximum pitching moment with those existing at other stages of the 
immersion, solutions for the state of motion and the time corresponding 
to the occurrence of maximum acceleration, maximum draft, and at the 
instsnt of zero draft during rebound, which were previously presented 
in reference 2, are shown in figures 17 to 20 by the broken-line curves. 

Although the dimensionless curves permit the complete determination 
of the pitching moments as well as the motion experienced by a seaplene 
during an impact, some interpretation of the results is desirable. For 
impacts at different values of K, since both the pitchimoment coeffi- 
cient and the time coefficient are based on the initial vertical velocity, 
the actual time histories of the moment will have the same relative 
shapes as the dimensionless curves if the vertical velocity is the seme 
for each value of K. Thus the curves shown in figure 7 may be interpreted 



NACA TN NO. 1630 

as corresponding to different seaplanes landing with the same sinking 
speed but with different resultant velocities and thus varying fli@t- 
path angles, in which case the maximnm moment for the shallow approaches 
(high resultant velocities and large values of K) wi-Xl be greater than 
that for the steeper flighwath angles and will be attained in a shorter 
time after contact. 

On the other hand, a scanswhat different interpretation of the 
dimensionless curves may be given when a particular seaplane lending over 
a range of flight-path engle5 is considered. In this case the resultant 
velocity is more or less constant while the sinking speed, which depends 
largely on piloting technique, may be varied to provide a renge of 
flight--path angles. As has been previously shown, the pitching moment 
at any proportional part of the Impact cycle varies a5 the square of the 
initial vertical velocity while the corresponding time is inversely 
proportional to the vertical velocity. If the resultant velocity and the 
trim angle are held constant, steeper flight paths are associated with 
the smaller values of K. Since the increase in vertical velocity more 
than offsets the reduction in pitchwment coefficient and the increase 
in time coefficient with decreasing values of K, the maximum moment 
obtained with constant resultant velocity end trim angle will be greater 
for the steeper approaches than at the low flightiath angles and will 
be attained in a shorter time after contact. The increase in pitching 
moment with flight-path angle is illustrated by figure 21 which shows the 
variation with flight-path angle and trim of a dimensionless pitchi- 
moment coefficient based on the re5ultan-t velocity at contact. 

With regard to the sequence of events during au impact, figures 14 
to 20 show that the maximum moment occurs slightly efter the mexirrmm 
acceleration is reached and precedes the attainment of the maximum draft. 
The state of motion at the instant of maximum moment is only slightly 
different from the conditions which exist at ths instant of maximum 
acceleration. As might be reasonably expected, for tha same sinking 
speed, a greater time is required to reach a given stage of the impact 
at the high flight--path angles than is required for the flatter approach 
conditions. ln a similar menner, the differences in the states of motion 
and the times corrasponding to the various stages of the impact ere large 
for small value5 of K (high flight-path engles) and beccxue very Bmall 
as the planing condition is approached. 

Although the pitching moment at any stage of an impact varies with 
the square of the initial vertical velocity, the location of the center 
of pressure is indapendent of the initial velocity and is determined 
primerily by the wetted length. In fact, as is shown by equation (33), 
the centemf-pressure distance forwexd of the step is only slightly 
greater than one--third the wetted length. The fact that thls distance is 
somewhat greater than on-third the wetted length arises from the 
quadratic nature of the longitudinal distribution of the negative 
increment in hydrodynemic load accompanying the deceleration of the 
virtual mat3a. (See fig. 2.) When this distribution is added vectorially 
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to the positive linear load variation caused by the expansion of the 
virtual mass, the resulting distribution of the total load is not quite 
linear and the center of pressure is shifted slightly forward of the 
center-of-pressure location for a linssr distribution. The extent of 
this forward shift of the center of pressure depends, of course, on 
the relative magnitudes of-the quadratic and linear distributions and 
increases with penetration (see equation (33)). Consequently, th6 most- 
forward location of the center of pressure, both in an absolute sense 
and in terms of the wetted length, for any given value of fc will be 
attained at the instant-of maximum draft. For impacts at low values 
of s this forward shift of the center of pressure in terms of the 
wetted length may be quite large as a result of the large drafts and 
the relative magnitudes of the quadratic and linear distributions 
obtained at the high flight-path angles. For the planing condition, 
since there is no acceleration, the total load is linearly distributed 
along the keel snd the center of pressure is located at a distsnce equal 
to exactly one--third the wetted keel length forward of the step. As 
shown by figures 13 and 16, sven for the practical rsnge of seaplane 
impact condition6 (values of K > 0.2) the shift of the center of pressure 
forward of the one-third point is relatively small and for practical 
purposes may be neglected in most cases. 

COMPARISON WITH JEER- DATA 

The applicability of the theoretical results is illustrated by 
comparisons with experimental data obtained in the Langley impact basin, 
under controlled conditions in smooth water, with twc float forebodies 
hating sngles of dead rise of 30' and kO" at ths step. The total 
weights in the tests ranged between approximately 1200 and 1350 pounds. 
The detailed test conditions are presented in table I. During the tests 
wing lift was simulated by the action of a pneumatic cylinder and cam 
system which was designed to apply a constant upward force to the float 
equal to the total weight. 

The experimental results include measurements of the horizontal and 
vertical components of velocity as well as time histories of the pitching 
moment. The moments were measured by means of the straiwaga dynamometer 
truss schematically illustrated in figure 1 and are referred to the front 
float attachment point as shown in the figure. The original oscillograph 
records from a typical test-are reproduced, Ep"satly reduced, in figure 22. 

Experimental pitchimcment-time histories, as derived from the .__ 
oscillograph records, are shown in figures 23 to 26. These data are 
compared with theoretical time histories of the total pitching moment 
about the front attachment point as well as with theoretical time 
histories of the hydrodynamic pitching moment about this point. 

The tima histories of the hydrodynamic pitching moment were 
calculated by application -of equations ,(35) snd (37) in conJunction 
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with the analytical rssults plotted in figures 7 and 12. The dimension a 
in equation (35), which represents the distance from the step to the 
front attachment point, was measured as 2.89 feet for the two floats 
tested. In converting from dimensionless variables to the dimensional 
qusntities moment and time, it is necessary to introduce values for the 
functions f(S), $(A) and 

f(PJ ana. 9 
(A). Equations (10) and (ll) present 

expressions for - (A) which have been shown to be valid 
for a wide rsnge of dead.+cise and trim angles. Since $&l(A) has not 
been evaluated at the present time 

pKAl 
it was assumed that the aspect--ratio 

correction to the total load applies uniformly to all flow 
planes; that is,- $?$(A) = @(A). mom the nature of this approximation 
it would appear that this assumption does not involve serious errors. 

In order to properly compare the,theoretical and experimental 
results, the inertia and static mcments, introduced by the fact that 
the center of gravity of the model did not coincide with the center of 
moments, must be added to the hydrodynamic moment about ths front 
attachment point. The increment in pitching moment arising from this 
source is given by the equation 

(b cos T + c sin T) 
I 

(a 

Thus the total pitching moment referred to ths point o is expressed by 

-Wf(b cos T + c sin T) (67) 

where the dimensions b snd c define the location of the center of 
gravity relative to the center of moments, as shown in figure 1. Values 
of b and' c for each of the configurations tested are given in 
table I. 

Figures 23(a), (bx and (c) show the results of three tests of the 
float with 30' angle of dead rise at l2O trim. All three tests were 
made at approximately the ssme fligh+path angle of about 5O and, 
therefore, closely correspond to a single value of the approach parameter IC 
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equal to about 2.2. Two of the kests were made with almost identical 
resultant velocities. Ths third test was made at a velocity approxi- 
mately 60 percent greater than that for the first two runs. The 
theoretical results were c&3.iLa.tedfor values of the initial vertical 
velocity measured in the tests and for a value of K = 2, which 
approxLmately corresponds to the magnItuae of the approach parameter 
associated with the tests. The theoretical total pitching moments 
appssr to be in substantial agreement with the results measured in the 
tests. 

Figure 24 is a composite plot of the quantity 

%m + Wf(b cos 7 + c Sin T) 

1 (@a) COB 7 

against the variable t$,. For the three tests previously discussed, 
since all parsmeters except the resultant v&city were held constant, 
equation (67a) and the form of the tAme coefficient show that the results 
of all three tests should be reduced to the single theoretical variation 
given by the solld-l-lne curve. As is eqident from ths figure, this 
result is closely attained. Ths extent of the deviations which do axist 
may be taken as a direct indication of the consistency of the experi- 
mental data. The oscillatory nature of the results of some of the tests 
(see fig. 22) is attributed to structural vibrations induced in ths 
equipment by the mag&tude of the catapulting accelerations required 
to produce the relatively high horizontal velocities attained in the tests. 

Figures 25 and 26 show comparisons of theoretical and experimental 
pitching-moment time histories for typical impacts of a float with a 
40° angle of dead rise at trim angles of go and 6O and values of the 
approach parameter !c approximately equal to 1. Comparisons between 
theoretical and experimental maxImum total pitching moments for this 
float are presented in figures 27(a), (b), snd (c) for trim angles 
of 12O, go, an8 6O. In order to reduce the increment in pitching 
moment due to the displacement of the center of gravity from the center 
of moments, another.set of tests was made, at 12O trim, with the float 
weighted to move the center of gravity rs ma to a position vertically 
in line with the front attachment fitting. The results of thase tests 
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.~e SIIOWII in figure 28. As is evident from the figures, the theoretical 
results appear to be in good agreement with the experimental data. 
A more exact evaluation of the end-flow correction to the pitching 
mamen% h(A), which in this comparison has been taken equal to the 
end-flow correction to the total load @(A>, should result in even better 
agreement between the calculated and experimental results. In the absence 
of suitable pressure4istribution data, the favorable results of this 
comparison may be considered an indirect indication of the validity of 
the longitudinal distribution of the hydrodynamic load (running load) 
specified by the theory. 

Theoretical 

. 
The preceding analysis of the pitching moments experienced by 

V-bottom seaplsnes during step-landing impacts has shown that: 

1. The pitching moment about the step and the centeMf-pressure 
distance forward of the step may be represented in generalized form by 
means of the following dimensionless veriables: pitchiq+noment 
coefficient 

% 
= - g HA) MS 

0 
- sin 7 cos T 

jro2 w i&(A) 

snd center-of-pressure coefficient 

It is also shown that the variation of these dimensionless quantities 
during an impact is governed solely by the magnitude of the approach 
parameter 

K= zic; COB (7 + 7,) 
0 

which depends only on the trim end the flight path at the instant of 
initial contact with the water surface. For a given value of IC, 
therefore, the respective variations of the pitcm nt and center- 
of-pressure coefficients may each be represented by a single curve 
regardless of what the seaplane properties, attitude, or initial condi- 
tions may be. Comequently a single variation exists between the 
coefficients existing at any stage of the impact and the approach 
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parameter tc. The expression of the pitching moment and center of 
pressure in tsrms of dimensionless variables, by thus taking into account 
such factors as angle of dead rise, weight, trim angle, and initial 
velocity, permits reduction of all impact~conditions to a common basis 
defined by the approach parameter and leads to a simplified presentation 
of both theoretical and experimental results. 

2. From the form of the pitchi- nt coefficient it can be seen 
that the pitching mcment about the step at any given stage of the impact 
is independent of the angle of dead rise. 

3. The maximum pitching moment about the step is attained slightly 
after the maximum acceleration (load) is reached end occurs prior to the 
attainment of the maximLun &aft. The state of motion of the seaplane 
and the time corresponding to the Jnstant of maximum pitching moment are 
only slightly different from the conditions which exist at the instant 
of maximum acceleration. The differences in the coeffic'ients representing 
the pitching moments, the states of motion, and the times corresponding 

to given stages of the impact given values of g , 
( > 

such as the instants 
70 

of mexLmum acceleration, maximum pitching moment, maxti draft, or zero 
draft&ring rebound, are greatest at the low values of the ap oath 
parameter IC (steep flight paths for conventional trim angles r and 
decrease as the.planing condition is approached. 

4. For given seaplane properties, attitude, and constant vertical 
velocity, the pitching moments about the step are greater for ths hlghar 
values of the approach parameter K (corresponddng to low flight- ath 
angles and high resultent velocities, for conventional trim angles '5 than 
those at the lower values of IC (steep flight paths and low resultant 
velocities, for conventional trim angles) and ar3 attained in a'shorter 
time after contact. For a given resultant velocity, on the other hand, 
the greater pitching moments are attained at the lower values of K. 

5. In a step impact the center of pressure is located at a distance 
only slightly greater than one-third the'wetted keel length forward of 
the step. ' The relationship between the cente~f-pressure distance and 
the wetted length is independent of the magnitude of the initial velocity 
and is determined primarily by the wetted length. For the planhg condi- 
tion the center of pressure is located at a distance exactly equal to 
one-third the wetted keel length forward of the step and is shifted 
slightly forward with decreasing values of the approach parameter K. 
The most forward center-of-Treasure locations, both in an absolute sense 
and in terms of the wetted length, are obtained in conjunction with the 
large draft coefficients reached at the low values of K (steep flight 
paths for conventionaL trFm angles). For the practical range of impact 
conditions (K 2 0.2), however, only small errors will be introduced if 
the resultant force is assumed to act at a distance equal to one-third 
the wetted keel length forwsrd of the step. 
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